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ABSTRACT

The EHF Directly Modulated Laser project was undertaken to develop optical sources that would
be able to superimpose a microwave signal at 44 GHz onto an optical carrier at 1.3 um. The
theoretical limitations on the directly modulated bandwidths of semiconductor lasers were
investigated to explain the observed limitations on their performance. Detailed theoretical models
were developed that for the first time included the effects of carrier diffusion, capture, escape, and
heating. The results of these models not only verified experimental results that had previously
been unexplained, but aided in designing optimized structures for high speed performance. An

analytical density of states formula was derived to aid in the modeling of semiconductor lasers.

With theoretical and experimental results both indicating that device heating was a major factor in
limiting the bandwidth of semiconductor lasers, we sought to improve the heat sinking of these
devices by flip-chip bonding them to diamond. CPW lines were fabricated on CVD diamond and
cleaved facet devices were successfully bonded. These devices showed a marked improvement in

both their DC and spectral behavior.

Several novel structures to improve the bandwidth of semiconductor lasers were investigated.
Corner reflector lasers that were compatible with monolithic integration were designed, fabricated
and tested. These devices have demonstrated the largest directly modulated bandwidth of any
single-sided output laser yet produced. (111)-oriented lasers were investigated for the possibility
of achieving 1.3 pum wavelengths in a GaAs-based device, and, thereby, opening the much higher
bandwidths achieved in this material system to the this longer wavelength. We found that such
devices can not only reach 1.3 im, but that they are technologically feasible and may outperform

current state-of-the-art InP-based laser diodes.
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OUTLINE

The overall goal for this project was to create optical sources that were capable of superimposing a
microwave signal at 44 GHz onto an optical carrier at 1.3 um. The method chosen to achieve this

was to create a high speed directly modulated semiconductor laser with a bandwidth of 44 GHz.

To accomplish this goal, the project was subdivided as follows:

I. Explore the physics and technology of directly modulated lasers using the well-kriown InGaAs-
GaAs material system.
A. Explore novel material designs for large bandwidth lasers.

B. Experimentally determine the limitations on directly modulated semiconductor

lasers

C. Design, fabricate, and test novel laser cavity structures, such as the corner

reflector laser
D. Design, fabricate, and test lasers flip-chip mounted onto diamond heat sinks to
reduce the temperature rise in the active region at high input current levels
I1. Create broad bandwidth sources at the 1.3 pm wavelength
A. Optimize the design, growth, and characterization of InP based 1.3 Ltm'la'sers
I. Design, grow, and fabricate stress-compensated lasers using InGaAsP
with MOCVD
ii. Design, grow, and fabricate 1.3 um lasers using InAlGaAs grown by
MBE |
B. Explore novel methods for creating large bandwidth lasers at 1.3’ um

I. Lasers on (111) substrates




ii. Lasers on ternary substrates
III. Create the analytical tools for understanding directly modulated semiconductor lasers
A. Understand the theoretical limitations on directly modulating semiconductor
lasers
i. Effect of carrier heating and lattice heating
ii. Effect of carrier transport

B. Analytical density of states formula for the valence band

The remainder of this report will cover these topics in more detail. The final section will

summarize our results and present our conclusions on the future of directly modulated lasers.




OPTIMIZATION AND MATERIAL DESIGN

Material design and analysis was done at Cornell using two methods. The first used an analytical
density of states formula developed at Cornell to model the effect of an increase of the lattice
temperature on the high-speed characteristics of semiconductor lasers. The second method used a
fully numerical gain calculation program that was written by the University of California at Santa
Barbara (UCSB) and transferred to Cornell via our relationship with UCSB within DARPA’s
Optoelectronic Technology Center (OTC). This gain calculation program numerically calculated
the valence band structure and the transition strengths for every possible transition. The output
from this program was incorporated into various programs developed in-house to calculate the
various figures of merit for high-speed lasers. In addition, the output of the UCSB program was
also used for a theoretical examination of the linewidth enhancement factor. A long wavelength
version of this program was also delivered to Cornell for the design and analysis of InP based

lasers.

Much of the design work in the area of ultra-high frequency directly modulated lasers was done at
Cornell. However, many of the latest advances in the state of the art in semiconductor lasers have
been done at the Fraunhofer-Institut fiir Angewandte Festkorperphysik (IAF) in Freiburg,
Germany. These advances have come about due to an optimization of the material design that was
not possible at Cornell because of monetary and manpower constraints. We have had a great deal
of interaction with the IAF, and indeed many of their key people are products of our group and of
" Cornell. These include the lead scientist John Ralston (Cornell Eastman group graduate), the lead
person in the microwave characterization group (Paul Tasker - a former senior research associate
with the Eastman group), and the lead MBE scientist Eric Larkins (Cornell undergraduate). These

persons and other member of the IAF staff have created the first semiconductor laser with a direct
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modulation bandwidth of 40 GHz through a very exhaustive series of optimization trials. The
most important of these optimization trials were in the area of MBE growth of strained quantum
well lasers, with a majority of this work taking place at the IAF. Studies of the optimization of the
growth temperature of InGaAs concluded that the ideal growth temperature of InGaAs was 500 °C,
which is close to the indium desorption temperature. These studies led to high quality InGaAs
multiple quantum well lasers with -3dB bandwidths of 20 GHz. Substantial improvements in the
MBE growth of high-speed lasers were made by studying not only the InGaAs growth parameters,
but also by examining the optimum growth conditions for the entire laser structure. It was found
that optimizing the growth of the cladding layer was critical in improving device performance’.
Another significant milestone in the optimization of MBE growth parameters came with the
introduction of short period superlattice (SPSL) cladding regions®. A comparison of
photoluminescence (PL) spectra from lasers grown with SPSL cladding regions and lasers grown
with ternary cladding regions showed that the PL intensity from the SPSL lasers was five times
stronger than the PL intensity from the ternary laser structures. In addition, low temperature
cathodoluminescence topography showed regular 1-2 monolayer fluctuations in the QW widths of
the ternary clad laser structures. These fluctuations were substantially reduced in the lasers with
SPSL cladding regions. The growth of SPSL cladding layers, with As, provided by an arsenic
cracker, allowed the substrate temperature to be reduced during the cladding growth. A
comparison of two otherwise identical laser structures, one with the SPSL cladding grown at 700
°C, the other with the cladding grown at 620 °C, showed that the low temperature growth of the
AlGaAs SPSL cladding greatly improved the laser performance. The threshold current densities
were three times smaller, and the internal quantum efficiency improved from 60% to 70% for the
lasers with cladding layers grown at 620 °C'. The improved performance was attributed to the
decrease of point defects within the MQW active regions which, in turn, reduced the formation of
non-radiative recombination centers. Recently, lasers grown with SPSL cladding layers with the

lower cladding grown at 700 °C and the upper cladding layer grown at 620°C produced the first
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devices with a 40 GHz bandwidth®. Very low K-factors of 0.13 ns were obtained from lasers that
are identical to the above mentioned 40 GHz devices but with p-type modulation doped active
regions. The use of carbon for the p-type dopant improved the modulation doping characteristics
of the active region. Previous work with Be as the p-type dopant showed that even though the Be
was intended to be modulation doped, the Be diffused throughout the core region of the laser.
Although these p-doped lasers have a very low K-factor, the -3dB bandwidth is limited to 37 GHz.
The difference between the intrinsic bandwidth predicted by the K-factor (68 GHz) and the
measured bandwidth of 37 GHz can perhaps best be explained by the lattice and carrier heating that
takes place at large DC input currents. Nonetheless, the shear amount of growth optimization that
was necessary to produce these results was impressive. This type of sophistication is only
available at a laboratory with the financial resources of the IAF, since the material, money, and
manpower to perform the number of growth runs that were necessary are simply beyond the reach

of any university.

There are a number of important results from the growth studies that were done at the IAF:

(1) 40 GHz bandwidth semiconductor lasers are possible. There is nothing in the physics
behind direct modulation that is preventing even larger bandwidths, both in short-
wavelength lasers (GaAs based) and long-wavelength lasers.

(2) The best lasers (at Cornell and the IAF) still have modulation responses that are
underdamped, with the responses saturating well below their K-factor limit.

(3) The most likely explanation for the saturation of the modulation bandwidth below the

K-factor limit is the increase of the active region temperature with bias.

A more detailed understanding of the tradeoffs associated with both lattice and carrier heating will

be necessary to improve the direct modulation bandwidth even further.
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CORNER REFLECTOR LASERS

Most of the experimental research effort was directed toward understanding the ultimate limitations
of directly modulated lasers on GaAs based substrates. The initial work performed was to explore
the possibility of using a new type of laser, the comer reflector laser, in high speed optical
communication links. The motivation for the corner reflector laser was to be able to demonstrate
broad bandwidth, directly modulated lasers suitable for monolithic integration into OEICs. It was
decided to fabricate lasers that had single-sided output to improve the total efficiency and to
improve the threshold current characteristics. A corner reflector (CR) design that used total-
internal-reflection (TIR) was used to provide a high-reflectivity facet. A p-doped strained MQW
active region consisting of four In,,Gay,As/Al;,,Ga, ;As quantum wells was designed. The
result of this project was the creation of the first broad bandwidth corner reflector lasers, with
bandwidths of 20 GHz. The simple processing sequence for these devices, in conjunction with
their single-sided output, makes these CR lasers attractive candidates for monolithic integration into
OEICs. These lasers had K-factors near 0.1 ns, implying that their intrinsic bandwidth should be

greater than 80 GHz. Lattice heating was the primary limitation on the bandwidth of these lasers.

Optical sources that are to be monolithically integrated alongside either other photonic elements or
electronic circuits must have fabrication requirements compatible with these other photonic or
electronic devices. In the case of semiconductor lasers, wafer level integration requires that the
mirrors be fabricated with dry-etching since cleaved facets lasers are inherently incompatible with
monolithic integration. In addition, for a number of applications, single-sided output is preferred
over the standard dual output of lasers with two identical facets. Single-sided output avoids the
necessity of ensuring that unwanted outputs do not interfere with other devices. It can also save

GaAs chip real-estate since single-sided output lasers can be placed back-to-back without

13



interfering with each other. Because dry-etched mirrors must be used for devices that are suitable
for monolithic integration, there is an advantage to being able to form a high—reﬂectivity mirror via
the same process that creates the standard plane mirror. This can be done by etching a corner
reflector for one facet and a standard plane mirror for the other facet, as shown in Figure 1.
Compared to standard lasers with two plane mirrors, corner reflector lasers have previously
demonstrated lower threshold currents, smaller far-field distributions, higher efficiencies, and they

567 It was decided to investigate the high-speed

have been used to form phase-coupled arrays
modulation of CR lasers to determine if the advantages previously reported for these lasers could

also be extended to include broad bandwidth operation.

standard facet

corner ac

Figure 1: Top-down view of a corner reflector laser showing the total-internal-reflection at
the corner facet.

Device structure

A four quantum well separate confinement heterostructure (SCH) laser was grown by molecular

beam epitaxy (MBE) on a semi-insulating (SI) GaAs substrate. The optical guide was composed
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of 50 A In,,Ga,,As wells separated by 170 A Al,,.Ga,4,As barriers with a total SCH width of
1800 A. The laser structure that was grown consisted of: approximately 1 pm n+ GaAs ([Si] =
3 x 10" ¢cm™) buffer, a lower 1500 A n-Al Ga, As grading layer (x=0=0.7, [Si]= 4 x 10"
cm™), an 8100 A lower n-cladding layer ([Si] = 2 x 10" cm™) with 27 periods of

Al,,Ga, ,As/GaAs (290 A/10 A), 400 A of undoped Al, ;Ga,gsAs, 145 A of p-doped

Al, Ga, ;As ([Be] = 8 x 10" cm™®), four 50 A p-doped ([Be] = 8 x 10”7 cm®) In, ,Ga,,As
quantum wells separated by 170 A p-doped ([Be] = 8 x 10" cm™) Al ,sGa,4;As barriers,

575 A of p-doped ([Be] = 8 x 10" cm™®) Al,,;Ga,4,As, an 8100 A upper p-cladding layer ([Be]

A GaAs cap 1200 A

Alea(l_x)AS 0<x<0.7 1500 A

p+
A10_7Géo_3As clad 8100 A
v 9
SCH - 1800 A
A SCH consists of

Alg 7Gag 3Asclad 8100 A four 50 A Inj 3Gag 7As QWs

with Al 1<Gag g<As
M| AL Gap_yyAs 0<x<0.7 1500 A 0.15750.85
barriers

1 um GaAs buffer laver

(100) SI GaAs

Figure 2: Wafer 4639 - SCH laser structure with four In, ;Ga,,As quantum wells.
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=2 x 10" c¢m™) with 27 periods of Al ,Ga,,As/GaAs (290 A/10 A), an upper 1500 A p+

Al Ga, As grading layer (x=0.7=0, [Be] = 3 x 10" ¢cm™), and 1200 A of p+ ([Be] =

4 x 10 cm™) GaAs cap. The n+ buffer was grown at 580 °C, the upper and lower cladding
layers were grown at 710 °C, the In, ,Ga,,As QWs were grown at 500 °C, the Al,,;Ga, ;As
barriers and optical guide material was grown at 620 °C, and the p+ GaAs cap layer was grown at

550 °C. A schematic of the laser structure is shown in Figure 2.

The p-type doping of the active region was implemented with uniform doping of the guide since it
was felt that lack of control over the diffusion of the Be dopant due to the high temperature growth
of the upper Al,,Ga,;As cladding region would prevent successful modulation doping of the
quantum wells. In addition, since uniform doping was used, the concentration was kept to just

below 1 x 10'® cm™ to minimize the internal loss factor of the laser.

The corner reflector laser processing sequence used chemically assisted ion beam etching (CAIBE)
and a negative e-beam resist, SAL-601, as the etch mask. The process sequence is illustrated on
the following page in Figure 3. After the material was grown, mésa lasers were fabricated in a
geometry suitable for on-wafer microwave probing with coplanar waveguide (CPW) probes.
Using standard lift-off techniques, a p-type metallization was deposited consisting of Ti/Pd/Au.
The SAL-601 CAIBE mask was then patterned and the CAIBE etch was done to define the mirrors
of the mesa to an etch depth of 2.3 um. After mirror fabrication, n-type contacts of
Ni/AuGe/Ag/Au were evaporated and annealed at 450 °C for 10 s, and devices were lapped and

polished to 100 um. A SEM photo and schematic of a corner reflector device is shown in

Figure 4.
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(1) deposit

p-metal
p-metal
active region /
(2) pattern
SAL-601 SAL-601 mask
mask

active region 7/

CR mirror >

(3) CAIBE
mesa and mirrors
plane mirror
CR mirror (4) deposit

n-metal

\ n-metal 7\plane mirror

Figure 3: Process sequence for a corner reflector laser.
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active region
corner reflector

Figure 4: SEM and schematic showing the corner facet of a corner reflector laser.

The sides of the CR laser have been corrugated intentionally to make the mesa sidewalls non-
reflective. This corrugation is especially important for lasers with two standard facets since a mesa
geometry laser with four mirrors will not lase due to the circular modes that are possible in such a

device.

In addition to CR lasers, devices with two plane mirror facets were fabricated. In both structures
fabricated devices ranged in size from 100 um to 400 pm. Once again, the Cambridge e-beam
lithography tool was used for the entire process. Although the metallization steps could have easily
been done with optical lithography, the e-beam tool was used for the convenience of not being

required to make new masks for each change in the design layout.
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The MBE growth of the laser was done in a Varian Gen II at Cornell by Sean O’Keefe. The

growth methods used were developed by several researchers at Cornell and elsewhere.

The CW characterization was performed with a 4145A semiconductor parameter analyzer and UDT
Si broad-area PIN diode detector. The UDT detector was factory calibrated and was placed
immediately adjacent to the laser to capture the entire output. The first measurement performed
was to test the effective unidirectional performance of the comer reflector laser by measuring the
output from both facets. This PI measurement is shown in Figure 5. The output is essentially
unidirectional, with a small amount of light output from the corner facet since the reflectivity is less
than 100%. In addition, the threshold current for this device was 12 mA, which is lower than the

16 mA threshold current for standard lasers of the same size.

6 — standard facet

z 5-
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5 47

2

8, 3
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fa

current (mA)

Figure 5: The output optical power as a function of input current at each facet of a corner
reflector laser. The device size is 6 pm X150 pm.
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An approximate method for determining the mirror reflectivity of the corner facet is to measure the

ratio of the output power from the standard and CR facets. The ratio of output power is given by®
w3 (=)
Pcr  \ R, 1 =Rcr

where P, (P) is the output power of the standard (CR) facet, and R, (R) is the mirror

reflectivity of the standard (CR) facet. To calculate the mirror reflectivity of the CR facet from
Figure 5, the reflectivity of the standard dry-etched facet was assumed to be equal to the reflectivity
of a cleaved facet (R, = 32%). Although this is not exactly true, comparisons between devices
with two cleaved facets and two standard dry-etched facets have shown very similar threshold
currents. The ratio of output power from the standard facet to the CR facet and the theoretical

output power ratio are shown in Figure 6 and Figure 7.

16 |

1 I | | | | |
0 5 10 15 20 25 30

current (mA)

Figure 6: Ratio of output power from standard facet (P,) to the output power from the CR
facet (Pg) as a function of current.
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Figure 7: Theoretical output power ratio as a function of the CR mirror reflectivity
assuming that the standard facet reflectivity is 32%.

The output power ratio for this device begins to saturate at a ratio of 16, which gives a power
reflectivity of approximately 92%. The power reflectivity extracted from Figure 7 indicates that the

reflectivity of the CR facet is at least 90%.

Microwave measurements were made with an HP §510B Vector Network Analyzer controlling an
HP 8350B Sweep Oscillator and an HP 8515A S-Parameter Test Set. Full two-port calibrations
were performed to move the measurement reference planes to the end of the coaxial microwave
probes that were used to supply both a DC bias and RF signal to the laser. An ILX 3620 low
noise current source provided the DC bias for the laser via the test set bias tee. The laser output
was collimated with a 0.23 pitch (@ 1300 nm) GRaded INdex-(GRIN) rod and then focused into a
single-mode fiber using a pigtailed 0.25 pitch GRIN rod/single-mode fiber collimator. The output
from the single-mode fiber was sent to a New Focus model 1012 45 GHz detector, and the
microwave output of the detector was attached to thé test set. Lasers were mounted with indium

onto copper carriers which were then attached to a water-cooled copper stage kept at a constant



temperature of 25 °C. In addition, a broad-area Si detector was mounted on the probe station so it
could be moved in and out of the beam path. This detector was connected to an HP 4145
parameter analyzer so the CW threshold current could be determined for each laser on the probe

station.

Several corner reflector lasers were indium mounted and tested. It was found that the CR lasers
with the largest -3dB bandwidths also had cavity lengths of 150 um. The raw microwave data
from a 3 pm x 150 um CR laser is shown in Figure 8. The output power for this laser began to
saturate near 50 mA and therefore the -3dB bandwidth did not increase much past 20 GHz. The
response up to 40 mA is underdamped and does not approach the K-factor limit, i.e. the parasitic

free modulation response.

20 mA

log(Is211)

| | | 1
0 5 10 15 20 25

frequency (GHz)

Figure 8: Modulation response of 3 pm x 150 um CR laser from 15 mA to 40 mA.
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The modulation response shown in Figure 8 was fit to:

1 e

m 2

N e

par

R(f) =

where f, is the resonance frequency, I' is the damping rate, and f, and m are used as fitting
parameters. The only parameters of interest are the resonance frequency (f,) and the damping rate
(T'), while f . and m were used solely as fitting parameters. This formula provided reasonably
good fits with m<2. Since the exact form of the total modulation response (including carrier
transport parasitics and electrical parasitics) is rather complex, the above equation was used as an
approximation. The problem of extracting resonance and damping information has been discussed
by Morton et al.” where they performed a curve fit to a ratio of the measured data at two bias
points. They assumed that parasitics were constant as a function of bias. When the parasitics do
not vary with bias, the modulation response at one bias can be subtracted from the response at a
larger bias to get a response that depends only on the resonance frequency and the damping rate at
the two bias points. This method was not chosen since the carrier transport parasitics are not

constant with bias.

The damping rate as a function of the square of the resonance frequency for a 3 pm X 150 pm
CR laser is shown in Figure 9. The K-factor of 0.06 ns implies a bandwidth of nearly 150 GHz!
Even using only the first two data points the K-factor is still 0.11 ns which implies a maximum -

3dB bandwidth of 81 GHz.

The response at 40 mA is still substantially underdamped and is, therefore, not near the intrinsic
limit of the material. This saturation of the modulation response below its intrinsic limit has been

observed by several authors'®'!.
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Figure 9: Damping rate vs. square of the resonance frequency for a 3 um x 150 um CR
laser.

To summarize the work that was done on the corner reflector laser project, corner reflector lasers
were fabricated with high-reflectivity CR facets with power reflectivities approaching 90% and
modulation bandwidths in the low 20 GHz range at a bias of 40 mA. This is the first
demonstration of high-speed direct modulation from CR lasers and, to the author’s knowledge, is

the largest bandwidth for any laser with single-sided output.
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DIAMOND HEAT SINKS

The CR and standard lasers that were fabricated had -3dB bandwidths that saturated well below
their K-factor limit. Device heating was limiting the performance of these lasers, therefore,
improved heat sinks were investigated as a means of controlling the bias current dependent increase
of the active region temperature. Diamond heat sinks with (CPW) transmission lines were
fabricated. Cleaved facet semiconductor lasers were fabricated and flip-chip bonded to the
diamond heat sinks using indium bonding pads. The devices that were flip-chip mounted
displayed improved spectral and PI characteristics, indicating that the flip-chip bonding to diamond
improved the removal of heat from the active region of the laser. However, the flip-chip bonded
lasers did not have larger -3dB bandwidths than unbonded lasers, suggesting that carrier heating

was still limiting the high-frequency performance of these devices.

It can be shown that the thermal impedance of a 12 um x 200 pum laser improves by more than a
factor of 3 when it is flip-chip mounted to diamond. A breakdown of the thermal impedance
analysis is given below. The thermal impedance of the diamond was calculated using a thermal
conductivity of 12 W/cm-K for chemical vapor deposited (CVD) diamond. The flip-chip bonded
lasers should have a lower active region temperature increase as the bias current is raised due to
their smaller thermal impedance. Although the aétive region temperature of the standard and flip-
chip lasers was not measured directly, the differences in the PI and spectral characteristics were

consistent with the following thermal impedance analysis:

A. Laser mounted p-side up: 12 pm X 200 pm mesa laser
Clad thermal resistance (1 pm Al,;Ga, ;As) 33°/W
Spreading thermal resistance (100 pm substrate) 98 °/W

Total thermal resistance 131 W



B. Flip-chip mounted laser: 12 pm X 200 pm mesa laser
Clad thermal resistance (1 um Al ,Ga, ,As) 33°/W
Spreading thermal resistance (300 pm diamond) 5°W

Total thermal resistance 38 /W

flip chip mounted laser

tandard p-sid
standard p-side up on diamond heat sink

laser on heat sink

100 um
........ AN (R = A S~
. eopperheatsink: - - - - - - diamond heafisink - - - - -
100 um from active region 2 um from active region to
to heat sink heat sink

Figure 10: Comparison of the thermal impedance for a 12 um X 200 pm laser bonded p-
side up on a standard heat sink and flip-chip bonded to a diamond heat sink.

Diamond heat sinks were fabricated in collaboration with GE Superabrasives. Processing was
done on 1 cm X 1 cm CVD diamond squares. The overall fabrication sequence is illustrated in

Figure 11 on the following page.

The fabrication sequence involved only three major steps: (a) CPW fabrication, (b) indium solder
pad deposition, (c) laser scribing of individual heat sinks and flip-chip bonding lasers to heat
sinks. Fabrication of the transmission lines was done at Cornell and GE. Ti/W/Au coplanar

waveguide lines were fabricated with a liftoff process, where the lithography was done at Cornell
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and the metal Sputter deposition of 5000 A of T/W/Au was done at GE. After the CPW lines were
fabricated, their scattering parameters were measured with a vector network analyzer, shown in

Figure 12. The match over the entire frequency range was relatively good.

(1) sputter deposit Ti/'W/Au
CPW lines via standard liftoff

process

(3) laser cut individual heat
sinks from die and
flip-chip laser onto

heat sink

Figure 11: Fabrication sequence for lasers flip-chip mounted on diamond heat sinks.
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Figure 12: Plot of measured S;; of CPW lines on diamond.

Indium was chosen as the solder material. It has a low melting temperature (156 °C) and can be
easily evaporated, thus making the fabrication of indium bonding pads through a standard lift-off
process possible. In addition, the abundant supply of indium in our MBE laboratory made it the
logical choice for a solder material. All indium depositions were performed on a refurbished
evaporator that was used solely for indium. Test evaporations were done on blank silicon wafers
to determine the optimum conditions for indium deposition. Smooth indium films on silicon were
achieved for evaporation rates between 70 A/min. -100 A/min. After completing the lithography
for the heat sink contact pads, approximately 1 um of indium was evaporated. The indium
deposition on the gold was substantially rougher than the test evaporations on silicon, but still
suitable for the flip-chip bonding process. The final step in the fabrication sequence was to laser
cut the individual heat sinks from the 1 cm x 1 ¢cm die. Before laser cutting the diamond,

photoresist was spun over the diamond chip and a quick lithography run was performed to reveal
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the ‘streets’ in the resist where the laser would cut out individual heat sinks. The resist was used
to protect the CPW lines from the formation of a conductive graphite film that accompanies laser
ablation of CVD diamond!?. This graphite film has the potential to short the ground and signal
pads together, and in fact, did so on several heat sinks. After protecting the heat sinks with the
resist layer they were sent to GE for laser cutting. Upon their return to Cornell, individual heat
sinks were separated from the backing tape that held them in place with an acetone soak and then
rinsed in isopropyl alcohol. They were then cleaned in an acetone ultrasonic bath for several hours

to remove any residual graphite from the surface of the diamond.

Flip-chip bonding was performed with a commercial flip-chip bonder'®. This bonder was obtained
by Rome Laboratory for the purpose of flip-chip bonding VCSELs. Since most of the initial
characterization work for flip-chip bonding had been completed for the VCSEL project, only a few

modifications were made to flip-chip bond edge emitting lasers.

The bonded laser/heat sink is shown in Figure 13 and

Figure 14 on the next page. Even with the large amount of automation, the yield in the bonding
process was typically 50% or less. Some of this was due to the small sizes of the pieces that were
being handled. Nonetheless, the bonding that was achieved produced several working, flip-chip

bonded lasers that did show improvements in their DC performance.

The effectiveness of the flip-chip bonding was characterized by pulsed and CW measurement of
the output power as a function of input current. The PI test setup used a ILX LDP-3811 pulsed
current source, a high-speed germanium photodetector with a Thor Labs bias control, and an
EG&G boxcar averager. The germanium detector was calibrated at the factory and the calibration

data was used in the LabView® program that controlled the operation of the PI test setup. Spectral
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CPW lines

indium
solder pads

diamond

Figure 13: SEM of a 200 pum long laser flip-chip bonded to a diamond heat sink.

Figure 14: SEM and schematic of laser flip-chip bonded to diamond heat sink.
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data was collected with an HP 70951 A Optical Spectrum Analyzer (OSA). Optical input to the
OSA was through a single mode fiber, so the output of the laser under test was collimated with a
0.23 pitch (@ 1300 nm) GRIN rod and focused into the single mode fiber with a Newport single
mode fiber coupler. Another LabView® program was written to track the wavelength of a single
Fabry-Perot mode as a function of current using the OSA and the current source. The overall test

setup is shown in Figure 15.

optical spectrum
PIB analyzer

GP

PC
: GPIB o
trigger l,i;i !ﬂ
Boxcar —
Averager Single Mode
current source Fiber
GRIN Rod microscope
laser objictive
probe —
high speed

Ge detector

Figure 15: Test setup for DC and spectral characterization of lasers.

Several cleaved facet lasers were flip-chip bonded to the diamond heat sinks. Eight bars (8 lasers
on each bar) were bonded to heat sinks. The number of working devices after bonding ranged

from 2 to 5 lasers per bar. Usually, one side of the laser/heat sink was found to be an open circuit;
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a result of the laser and the heat sink not being exactly parallel to each other. In addition, some of
the working devices were degraded after the bonding, with measured threshold currents that were
higher than the threshold currents of the laser bar alone. Out of a total number of 64 lasers that
were bonded, 35 survived the bonding process. For devices that were well bonded, the
improvement in the DC performance was significant. This is especially true for the working 200
m lasers. Figures 16 and 17 show the PI curves for an unbonded and flip-chip bonded

12 um x 200 pm laser.

The total output power that was measured from the flip-chip bonded laser is somewhat lower than
the total power collected from the unbonded device due to the increased facet-to-detector distance in
the flip-chip bonded laser. The unbonded laser shows a significant roll off of the optical power as
the duty cycle is increased, indicating that a substantial amount of bias dependent heating is taking
place. On the other hand, the quasi-CW and the pulsed PI measurements are almost identical in the
flip-chip bonded laser. There were no cases of unbonded lasers that did not display the rollover in
the CW PI characteristics from this wafer, while about 1/3 of the tested, working flip-chip bonded
lasers showed significant improvement in the CW PI measurements. Although the yield of the
flip-chip process was not large, the improvement in the PI characteristics of successfully bonded

lasers was significant.
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Figure 16: Output power for an unbonded 12 um x 200 um laser from wafer 4002.
The pulse repetition interval is 500 ps; therefore the duty cycle of the three measurements

are 0.2%, 20%, and 99.8%.
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Figure 17: Output power for a flip-chip bonded 12 pm x 200 pm laser from wafer 4002
under the same test conditions as the previous figure.
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Further evidence of the reduced thermal impedance of the flip-chip bonded lasers was obtained by
an examination of the spectral characteristics of the lasers. Information on the shift in the
wavelength of an individual Fabry-Perot (FP) mode as a function of bias gives information on the
bias dependent temperature increase in the laser. To determine the effect of increasing the current
on the FP wavelength, the factors that affect the wavelength must be identified. Below threshold,
both the carrier concentration and the temperature are increasing with bias. Since the refractive
index (W) is a function of the carrier density and the temperature, the wavelength of an individual
FP mode is also a function of carrier density and temperature. Above threshold, the carrier density
is clamped (ideally), and therefore, the FP wavelength is only a function of temperature. The
refractive index varies as J=-bn, where |1, b, and n are the refractive index, a material constant,
and the carrier concentration'®, and the FP wavelength is given as A =2Lj/m where L is the cavity
length and m is an integer. Thus, below threshold, the variation in the FP wavelength due to the

change in carrier density and temperature is:

dA, 2L /0uon oudT
Tar F('é'ﬁ'ﬁ - 'éf_ai'),

The only term that is negative is dp/on. Therefore, the change in wavelength has two components.
The decrease in the refractive index with increasing current (carrier density) causes the wavelength
to decrease, while the increase in refractive index with increasing‘ temperature (carrier density)

causes the wavelength to increase with bias. The relative magnitude of each process will determine

whether or not the wavelength increases or decreases as a function of bias.

Above threshold, the carrier density is approximately clamped, and the change in the FP

wavelength is due only to the change in temperature as:
D 2L(2uIT)
dl = m\JT dl
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Therefore, the FP wavelength increases with current above threshold. The wavelength of a FP
mode as a function of bias is shown in Figure 18 and Figure 19 for the same bonded and

unbonded lasers whose PI curves were shown in Figure 16 and Figure 17.
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Figure 18: Wavelength of a FP mode vs. current density for a 12 pm X 200 pim unbonded laser.
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Figure 19: Wavelength of a FP mode vs. current density for a 12 pm x 200 um unbonded laser.
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The effective bias dependent temperature increase for the flip-chip bonded laser is reduced, as seen
by the lower value of dA/dI after threshold. In fact, dA/dI of the flip-chip bonded laser is nearly
one-half the post-threshold value of dA/dI for the unbonded laser. This indicates that the flip-chip

bonded laser does indeed have a smaller thermal impedance than the unbonded laser.

The different in slope of A(I) before and after threshold are calculated for the bonded and unbonded
laser. The difference in the slope before and after threshold is proportional to the change in the
refractive index as a function of current (carrier density). In the flip-chip bonded laser, this value
is equal to -0.032 nm/mA, while in the bonded laser it is equal to -0.024 nm/mA. This difference
in the slope before and after threshold should give the magnitude of the change in the refractive
index as a function of current injection and should therefore be negative. The fact that there
appears to be a difference in the change in the refractive index as a function of carrier density for
the two lasers is more likely due to experimental error rather than some physical difference.
Measurements of the change in wavelength versus current using a pulsed current source to
eliminate lattice heating gave a value of dA/dI = -0.031 nm/mA for this laser structure, which is
nearly identical to the value from the unbonded laser. These spectral measurements are consistent
with the PI curves shown in Figure 16 and Figure 17, and give further evidence that the lattice

heating in the laser has been reduced in the laser that was flip-chip bonded to a diamond heat sink.

Microwave measurements were made in the manner described previously to determine the high-
frequency characteristics of lasers that were flip-chip bonded to diamond heat sinks.
Measurements of lasers that were flip-chip bonded to diamond did not see any substantial
improvement either in the resonance frequency or in the overall achievable bandwidth. In fact, the
maximum bandwidth that was achieved on any of the flip-chip bonded or unbonded lasers was

only 15 GHz. This modest bandwidth is, in part, due to the material design and the fabricated
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laser structure that was chosen for the bonding experiment. They were all cleaved facet lasers with
cavity lengths ranging from 200 pm to 400 um. Although the use of relatively long cleaved facet
lasers greatly simplified the processing, they were far from the optimum cavity length for
microwave performance. The best bandwidth achieved from this wafer was 23 GHz from a

3 um x 100 um ridge waveguide laser. Several changes in the dry-etch laser process sequence
would need to be made to make them compatible with flip-chip bonding. The mirrors would still
be dry-etched, but the fabrication of the contact mesas would need to be done with either a wet etch
or an angled dry etch. Simply performing an additional step-metallization would not provide a
sufficiently planar top contact area. Although the additional processing steps would complicate the
overall fabrication sequence, it should be possible to fabricate short cavity lasers and then flip-chip
bond these laser to diamond heat sinks. Any improvement in the DC characteristics of short cavity
lasers that were flip-chip bonded to diamond should directly translate into improved high-

frequency characteristics.

The flip-chip bonding project was meant to complement the work that was going on in other areas
of material and design optimization in GaAs and InP based lasers. By extracting the maximum
performance from any particular design the overall bandwidth can be increased. This first set of
flip-chip bonding tests were promising, with the flip-chip bonded devices showing a substantial
improvement in their DC characteristics. Although the long cavity lasers that were bonded did not
show an improvement in their modulation bandwidth the work here was nonetheless an important

first step in understanding the thermal limitations on directly modulated semiconductor lasers.
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CARRIER HEATING AND CARRIER TRANSPORT

In the last decade, intensive work has been done to investigate the small signal modulation
response of semiconductor quantum well (QW) lasers, and tremendous efforts have been taken to
optimize their high-speed performance for achieving a maximum modulation bandwidth. Recently,
QW lasers with a record modulation bandwidth of over 40 GHz have been successtully
demonstrated. It is not surprising to find that a gap still exists between experimental reality and the
optimistic theoretical estimations predicting an achievable 60~90 GHz modulation bandwidth.
Therefore, it is highly desirable to theoretically study what is the major limitations on the
modulation bandwidth of QW lasers. So far, three major physical mechanisms have been
attributed for the limitation on the modulation bandwidth of QW lasers: spectral hole burning,
carrier heating, and carrier transport, and the time constants associated with these physical
processes are the carrier dephasing time, carrier energy relaxation time, and carrier diffusion-

capture-escape times respectively.

To investigate the effects of spectral hole burning, carrier heating, and carrier transport on the

modulation bandwidth of QW lasers, we have developed a comprehensive model that includes the

following features:

(1) To exactly describe the interaction between carriers, photons, and phonons in the QW
lasers, we derived a set of rate equations in our theoretical model from the carrier

\

|

Boltzmann equation, Maxwell's equations, and phonon Boltzmann equation and thus

eliminate any unnecessary error associated with the phenomenological models (see

Figure 20).
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Figure 20: Schematic diagram of the theoretical framework used to describe quantum well
lasers.
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(2) To make our theoretical model more realistic and accurate, we calculated the carrier
dephasing time, carrier energy relaxation time, and carrier quantum capture and escape
times from first principles instead of assigning arbitrary time constants as the
conventional approaches.

(3) Since these three physical processes mutually influence each other, we simultaneously
consider their effects on the small-signal modulation response of QW lasers, instead of
separately focusing on one or two of these physical processes as does the conventional
approach.

(4) From our theoretical model, we numerically determine the temperatures of electrons,
holes, and lattice in the operating condition of QW lasers. We also simulate the
population distribution of longitudinal optical (ILO) phonons by incorporating the hot
phonon effect in QW lasers (see Figure 21).

(5) To investigate the effects of these physical processes on the small-signal modulation
response of the QW lasers, we perform an elaborate small signal analysis on our rate
equations and obtain an exact analytical solution for the modulation response of QW
lasers. From our exact small signal analysis, the nonlinear gain coefficients associated
with the effects of spectral hole burning, carrier heating, and carrier transport are thus
unambiguously defined. Their relations with the modulation bandwidth of QW lasers

are rigorously derived.
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Figure 21: (a) Electron temperature, hole temperature, and lattice temperature as a function
of the bias current in a 50Ax3umx500pm Al ,Ga,,As/GaAs SCH single QW laser. The
width of the SCH is 1000A. The length between the QW and the heat sink is 100 um. (b)
Population distribution of LO phonons as a function of LO phonon wave vector at different
bias currents. (c) Square of the resonant frequency vs. the bias current above threshold. (d)
Nonlinear gain coefficients due to the effects of carrier diffusion-capture-escape, spectral
hole burning, stimulated recombination heating, and free carrier absorption heating.
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Several interesting results are obtained from our theoretical model:

(1) Carrier capture and escape times in an AC condition are significantly different from a
DC condition. Our results indicate that the conventional theoretical models that do not
distinguish the differences between the DC and AC capture and escape times may
underestimate the influence of carrier transport processes on the modulation bandwidth
of QW lasers.

(2) Our first-principle calculations show that the DC escape time predicted by the classical
thermionic emission theory is no longer valid if the width or depth of the QW is small.
Therefore, in that case, the first principle calculation is indispensable for estimating the
carrier escape time in QW lasers.

(3) Contrary to conventional belief, our small-signal analysis shows that the nonlinear gain
coefficient due to free carrier absorption affects only the damping rate of the modulation
response of semiconductor lasers but not the resonant frequency.

(4) Since it takes about 3 ps for LO phonons to decay into acoustic phonons at room
temperature, this will cause the hot phonon effects on the carrier energy relaxation
processes. Our theoretical calculations indicate that neglecting these hot phonon effects
will underestimate the carrier energy relaxation time by almost an order of magnitude
and thus severely underestimate the effects of carrier heating on QW lasers. Therefore,
it is very crucial to take these hot phonon effects into account when modeling the carrier
heating of QW lasers.

(5) As the carrier temperature increases due to the effects of carrier and lattice heating, more
carriers will escape from the QW and fewer carriers will be captured into the QW. At
high bias current levels, this mechanism will severely degrade the resonant frequency,
significantly increase the nonlinear gain coefficient due to carrier transport (see Figure

21), and thus, ultimately limit the modulation bandwidth of QW lasers.
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From our theoretical study, we identified the enhancement of carrier escape (overflow) processes
due to the effects of carrier and lattice heating as the major physical mechanism that limits the
modulation bandwidth of QW lasers; therefore, it is very crucial to reduce the magnitude of carrier
or lattice heating if we want to improve the modulation bandwidth of QW lasers. To reduce the
lattice heating, we can use the flip-chip scheme on the laser device. This will shorten the path of
thermal conduction from the QW to the heat sink by more than an order of magnitude. Our
theoretical results also indicate that using p-doping in the active region of QW lasers will provide
an additional channel for electrons to relax their energy to holes by electron-hole scattering and may

reduce the electron temperature.

We have focused most of our theoretical effort in studying the small-signal amplitude modulation
(AM) response of QW lasers (i.e., in the frequency domain). It will be straightforward to use our
theoretical model to analyze other modulation schemes, such as FM, PM, ASK, FSK, and PSK
and their large-signal behavior. Issues like chirp and intermodulation distortion can thus be
characterized in detail. Moreover, our theoretical model can also be implemented to investigate the
effects of spectral hole burning, carrier heating, and carrier transport in the gain switch or mode
locked of the short-pulse QW lasers (i.e., in the time domain). Incorporating the noise model into
our theoretical frame, we hope that our comprehensive theoretical model can predict the overall

dynamic behavior of semiconductor QW lasers.
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(111)-ORIENTED LASERS

Although all conventional means for attaining 1.3 pm wavelengths employ InP substrates, we
sought for a method to reach this longer wavelength in a GaAs-based device. The reasons for

investigating this possibility include:

(1) InGaAs/GaAs based devices have demonstrated much more uniform performance with
temperature fluctuations than InP-based devices which would generally require
integrated temperature control in any device package to insure stability".

(2) The InGaAs/GaAs material system has demonstrated world record modulation
béndwidths in excess of 40 GHz while InP-based devices have been limited to the low
to mid 20 GHz due to problems with optical and electrical confinement [ref. to
Weisser].

(3) Currently, low dislocation density GaAs substrates are readily available and
inexpensive while high quality InP production technology lags behind that of GaAs.

(4) The GaAs material system is well characterized, and device processing technologies are

much more mature than in the InP-based system.

To achieve this goal of extending the wavelengths available to the InGaAs/GaAs material system,
we investigated several possibilities. Some researchers have grown metamorphic layers'® to
increase the lattice constant and decrease the bandgap, while others have attempted to use a bilayer
quantum well using Sb to achieve longer wavelengths'’. While both these methods have been
successful in reaching 1.3 um, we concluded that neither would be conducive to high speed
modulation. The first would introduce too many dislocations leading to device heating and poor
performance while the second spatially separates electrons and holes reducing the overlap of the

envelope functions. We did, however, develop a means for extending the wavelengths of this
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material system that we believe holds promise for achieving large directly modulated bandwidths
that would surpass those currently achievable on InP substrates. Our calculations have shown that
by incorporating an ordered (InAs),(GaAs), monolayer superlattice in the active region of a laser

diode based on GaAs(111), wavelengths well beyond 1.3 um are theoretically possible.

The (111) orientation has two very important advantages over the standard (001) direction that we
take advantage of to narrow the bandgap. First, the Matthews-Blakeslee critical thickness for
pseudomorphic layers in the (111) direction is approximately twice that of (001) layers. This
Jarger critical thickness allows for quantum well designs that incorporate higher Indium contents at
reasonable well widths. Although we have found that this advantage alone does not accomplish
the task of reaching 1.3 pin, this does allow for quantum wells with 50% Indium up to the critical
thickness of 90 A, for example. This particular composition of In,;Ga, ;As is important for the
second part of our proposed structure, an ordered quaﬁturr‘l well. Unlike the case of the random
alloy, the occupation of the lattice sites in an ordered terriafy are known with certainty. This is

shown schematically in Figure 22.
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Figure 22: Zincblende structure for a mixed group III ternary for the case of (a) an ideal
alloy and (b) for a CuPt ordered structure. The white atoms represent the common group V
element while the black and gray in (b) represent the two group III elements. The dark
gray element in (a) represents the randomly occupied group III lattice sites.
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In the ideal random alloy, the lattice sites are randomly occupied with probabilities given by the
material composition. In the case of CuPt ordering that we have considered, the two gro’up I
elements form alternating planes in the (111) direction. The band structure for this monolayer
superlattice of (InAs),(GaAs), is very different from the compositionally equivalent In, ;Ga, ;As
alloy. First of all, with the lattice positions no longer random, the reduced symmetry. of the CuPt
structure introduces a crystal field splitting at the top of the valence band similar to that caused by
strain. Secondly, ordering along the (111) direction leads to a splitting between the original I
states and the original L states that are now folded onto the zone center due to the superlattice
perturbation. This bandgap reduction has been predicted to be on the order of 350 meV in a
perfectly ordered crystal. Although similar effects occur for ordering along the (001) direction, the

calculated narrowing has been found to be approximately 60 meV.

We have calculated the zone center transition wavelengths for a device based on GaAs(111)
incorporating a strained (InAs),(GaAs), quantum well with GaAs barriers. Although we found
that wavelengths up to and beyond 1.7 um are theoretically possible for a perfectly ordered well at
the Matthews-Blakeslee critical thickness, we do not believe that these results are technologically
realizable. However, we do believe that this system is promising for producing 1.3 im emission
simply by tailoring the well width and degree of partial ordering in the well. In Figure 23 we show
constant wavelength curves for various combinations of well width and ordering. The ordering
parameter, 7, in this figure measures the degree of ordering where the random alloy case is given
by n=0, and the perfectly ordered case corresponds to n=1. If growth conditions can be found to
produce even a moderate degree of ordering like 0.6, then a well-width of approximately 70 A will
produce 1.3 um emission. Already, ordering as high as N=0.66 has been reported in the
GalnP/GaAs material system'®. Therefore, we believe that such devices are not only feasible, but

well within the range of current technology.

46




100 TN T T T T
90 1.2 um
80
70

60

Well Width (A)

50

lljlIIIIIIIIII'IIIIIIIIIIllll

40

0.2 04 0.6 0.8

30

'O IIIIIlIIlIIIIIIIII|IIIII|IIII|IIII

o
= 411
o

Ordering Parameter (n)

Figure 23: Constant wavelength curves for an In, ;Ga, ;As quantum well with GaAs
barriers oriented in the (111) direction. The curves are, from left to right, the necessary
combinations of partial long-range ordering and well width for 1.2 ym, 1.3 um, 1.4um,
and 1.5 pum transition wavelengths at the zone center. The Matthews-Blakeslee critical
thickness for this well is approximately 90 A.

Several experimental and theoretical results indicate the potential for (111)-oriented lasers to

outperform current InP-based laser diodes at 1.3 um:

(1) (111) GaAs/AlGaAs SCH lasers had lower threshold current densities than
simultaneously grown (001) devices. The higher efficiency was attributed to a larger
optical transition matrix element and a shorter carrier capture time"’.

(2) Theoretical investigations have shown that (111)-based devices should have smaller
linewidth enhancement factors than their (001) counterparts improving differential
gain®’,

(3) Larger conduction band offsets in GaAs-based diodes should produce less heterobarrier

carrier leakage than in the InP material system improving the temperature stability of
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these devices. Additionally, thf: deeper quantum wells afforded by the InGaAs/GaAs
diodes should increase the carrier escape time and thereby improve the external
differential gain.

(4) The larger index of refraction step between guide and cladding materials for GaAs-
based lasers will improve the optical confinement of the lasing mode and thereby

produce higher modal gains than InP laser diodes.

Because of these improvements, we believe that these devices will produce 1.3 um emission with

higher directly modulated bandwidths than current state-of-the-art InP-based laser diodes.
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SUMMARY AND FUTURE WORK

Although the overall objective was not achieved, i.e. 44 GHz lasers at 1.3 lum, this project

nonetheless did produce several important results:

(1) Several very detailed, theoretical models of the direct modulation of semiconductor
lasers were produced that, for the first time, simultaneously included the effects of

carrier diffusion, capture, escape, and heating.

(2) An analytical density of states formula was described to assist in the modeling of
semiconductor lasers, and has in fact been used by our colleges at the IAF to model

their results®'.

(3) High-speed directly modulated corner reflector lasers with single-sided output were
designed, fabricated, and tested. These lasers have the largest direct modulation
bandwidth (20 GHz) of any single-sided output laser yet produced, achieving 20 GHz

bandwidths within the next year.

(4) Diamond heat sinks were fabricated with 50 2 CPW transmission lines. Cleaved facet
lasers flip-chip bonded to these heat sinks were tested. We determined that the DC and

spectral characteristics of these lasers were greatly improved over unbonded devices.
The theoretical work that was done showed that there are no inherent physical limitations to the

direct modulation bandwidth below 60 GHz. The present state-of-the-art bandwidths (near 40

GHz) are primarily limited by lattice and carrier heating. Our initial experimental results show that
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carrier heating may indeed be the ultimate limitation of the modulation bandwidth, and therefore

novel methods for reducing the carrier heating may be necessary.

Further optimization of directly modulated semiconductor lasers should proceed in two major

arcas:

(1) The heat sink technology must still be improved further. Improved heat sinks will
benefit all classes of lasers, from VCSELSs to DFB lasers intended for cable TV
distribution. This type of work has shown a great deal of promise during the initial
testing that was done here for both VCSELs and edge emitting lasers. However, more

work must be done to increase the yield of the heat sinking process.

(2) More work on novel 1.3 um lasers is needed. This should include, and perhaps focus
on, stress-compensated lasers and (111)-oriented lasers. This type of growth
optimization will most likely be expensive in terms of money and manpower, but
shows tremendous promise in terms of improving all aspects of long wavelength
semiconductor lasers. This is especially true in the temperature sensitivity of 1.3 mm
and 1.55 um semiconductor lasers, which can be drastically improved with stress-
compensated structures. Research into optimized material designs will yield
improvements in almost every area of long-wavelength semiconductor laser operation.
In addition, the work in this material system will benefit not only edge emitting lasers,

but will also improve VCSEL lasers for high temperature operation.
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d. Promotes transfer of technology to the private sector;

e. Maintains leading edge technological expertise in the areas of
surveillance, communications, command and control, intelligence,
reliability science, electro-magnetic technology, photonics, signal
processing, and computational science.
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